Abstract Aims/hypothesis: Increased dietary fat intake is associated with obesity and insulin resistance, but studies have shown that the subsequent increase in insulin release is not appropriate for this obesity-induced insulin resistance. We therefore sought to determine whether the impaired beta cell adaptation is due to inadequate expansion of the beta cell population or to a lack of an adaptive increase in insulin release. Methods: Male mice were fed diets containing increasing amounts of fat (15, 30 or 45% of energy intake) for 1 year, after which islet morphology and secretory function were assessed. Results: Increased dietary fat intake was associated with a progressive increase in body weight (p<0.001). Fractional beta cell area (total beta cell area/section area) was increased with increasing dietary fat (1.36±0.39, 2.46±0.40 and 4.93±1.05%, p<0.001), due to beta cell hyperplasia, and was positively and highly correlated with body weight (r 2 =0.68, p<0.005). In contrast, insulin release following i.p. glucose did not increase with increasing dietary fat (118±32, 108±47 and 488±200 pmol/l per mmol/l, p=0.07) and did not correlate with body weight (r 2 =0.11). When this response was examined relative to fractional beta cell area (insulin release/fractional beta cell area), it did not increase but rather tended to decrease with increasing dietary fat (157± 55, 43±13 and 97±53 [pmol/l per mmol/l]/%, p=0.06) and did not correlate with body weight (r 2 =0.02). Conclusions/ interpretation: Long-term fat feeding is associated with an increase in the beta cell population but an inadequate functional adaptation. Thus, a functional rather than a morphological abnormality appears to underlie dietaryfat-induced beta cell dysfunction.
Introduction
The incidence of obesity, the metabolic syndrome and type 2 diabetes is rapidly increasing worldwide [1, 2] . The majority of individuals are able to adapt to obesity and the concurrent insulin resistance by adequately increasing insulin secretion [3, 4] . However, in those who are not able to adapt, the beta cell does not secrete sufficient insulin for the prevailing degree of insulin sensitivity, and glucose metabolism declines, leading eventually to type 2 diabetes. A contributing factor to the impaired beta cell function in individuals with impaired glucose tolerance and type 2 diabetes is likely to be the reduction in beta cell mass that has been demonstrated in both these states of reduced glucose tolerance [5] [6] [7] [8] .
While the susceptibility to beta cell dysfunction has a genetic component, environmental factors have clearly played a role in the exponential rise of type 2 diabetes and other metabolic abnormalities. One such environmental factor is increased dietary fat intake, which is associated with the development of obesity and insulin resistance [9, 10] and an increased rate of conversion from impaired glucose tolerance to type 2 diabetes [11] . Increased dietary fat intake in animals is also associated with the development of obesity and insulin resistance [12] [13] [14] , and with decreased beta cell function [15] . The cause underlying this beta cell dysfunction is unclear, but two scenarios are possible. Firstly, the lack of appropriate expansion of beta cell mass, such as occurs in type 2 diabetes, may lead to beta cell dysfunction [5] [6] [7] [8] . Alternatively, beta cell mass may expand appropriately, but a purely functional defect in the beta cell may underlie the cells' maladaptation to increased dietary fat. Several rodent studies have shown increased islet size in response to insulin resistance but many of these studies have utilised genetically manipulated mice or rats [16] [17] [18] [19] [20] , making the findings more difficult to interpret and perhaps confounding interpretation of the processes underlying islet adaptation to obesity and insulin resistance.
In the present study, we sought therefore to determine the basis for impaired beta cell adaptation to obesity induced by long-term high-fat feeding. To do this, we fed three groups of normal mice different amounts of dietary fat for 1 year. We then examined beta cell adaptation in terms of (1) changes in islet morphology, including islet beta cell area, beta cell area per pancreas section area, beta cell size and the magnitude of beta cell replication and apoptosis, and (2) beta cell function in response to glucose stimulation.
Materials and methods
Animals Mice used in this study were bred in our colony at the Seattle Division of the VA Puget Sound Health Care System and were controls for a study examining the role of dietary fat in islet amyloid formation. As such, portions of the body weight and islet size data have been previously published [21] . At 6-8 weeks of age, male mice on a C57BL/6J×DBA/2J hybrid background were randomly assigned to one of three dietary fat groups. Each group received a diet containing either 15% (low-fat, n=7), 30% (medium-fat, n=7) or 45% (high-fat, n=8) of energy intake derived from fat (Research Diets, Inc., New Brunswick, NJ, USA) for 1 year. The ratio of saturated : unsaturated fatty acids was 1:3 in all diets, and fat was derived from corn oil and hydrogenated coconut oil. The progressively increasing amounts of fat were balanced by decreasing amounts of carbohydrate (65, 50 and 35 kcal% in low-, medium-and high-fat diets, respectively) and constant amounts of protein (20 kcal%). Animals were followed on their respective diets for 1 year and were allowed free access to food and water unless otherwise stated. This study was approved by the Institutional Animal Care and Use Committee of the Seattle Division of the VA Puget Sound Health Care System. Metabolic measurements Body weight was measured at the beginning and end of the study. After receiving the special diets for 1 year, mice underwent an overnight fast followed by a glucose load (1 g/kg dextrose i.p.) under pentobarbital anaesthesia (100 mg/kg i.p.). Blood samples were drawn prior to and 15, 30, 60 and 120 min after glucose administration for determination of plasma glucose and immunoreactive insulin (IRI) concentrations. This test was performed on five mice in the low-fat group, five in the medium-fat group and eight in the high-fat group.
At killing, a portion of the pancreas (approximately 30 mg) was snap frozen for homogenisation in isopropanol/ trifluoroacetic acid and subsequent measurement of pancreatic IRI content.
Plasma glucose was determined using a glucose oxidase method. Plasma levels and pancreatic content of IRI were measured by a modification of a previously described RIA [22, 23] . Total protein for normalisation of pancreatic IRI content was assessed using a BCA kit (Pierce Biotechnology, Rockford, IL, USA).
Histological assessments At killing, pancreata were excised, fixed in 4% (w/v) paraformaldehyde and embedded in paraffin. Five-micron serial sections were cut and stained with anti-insulin antibody (1:2,000; Sigma Chemical, St Louis, MO, USA) to visualise islet beta cells (Fig. 1) , antiKi-67 antibody (1:50; DakoCytomation, Carpinteria, CA, USA) to detect replicating cells [24] or anti-activated caspase 3 antibody (1:100; Cell Signaling Technology, Beverly, MA, USA) to detect apoptotic cells [25] . Primary antibody binding was visualised with the appropriate secondary antisera conjugated to cy3 (insulin staining for beta cell quantification and Ki-67 and caspase 3 staining) or Alexa 488 (insulin staining for colocalisation with Ki-67 or caspase 3). Sections used for beta cell area determinations Fig. 1 Representative insulin immunostaining of pancreatic sections from mice fed a low-(15% energy intake from fat, (a)), medium-(30% energy intake from fat, (b)) or high-(45% energy intake from fat, (c)) fat diet for 1 year. Scale bar=250 μm were counterstained with thioflavin S to allow accurate determination of islet area. Sections used for beta cell size determination and replication and apoptosis measures were counterstained with the nuclear dye Hoechst 33258 (2 μg/ ml; Sigma) to visualise cell nuclei.
Histological assessments were made in all mice except for caspase 3, where two mice that received the mediumfat diet were excluded due to poor tissue morphology. Measurements were made on all islets present on sections representing three random portions of the pancreas (mean number islets scored per mouse=17). We have previously shown this sampling technique to be sufficiently representative of a whole mouse pancreas [26] . Due to technical limitations, double staining for insulin and Ki-67 or insulin and activated caspase 3 could not be achieved in all sections. Proportions of replicating or apoptotic cells were calculated per number of beta cells where possible (for replication: low-fat n=3, medium-fat n=5, high-fat n=7 and for apoptosis: low-fat n=3, medium-fat n=3 and highfat n=8) and compared with the replication and apoptosis proportions (per total islet cell number) in all mice. These measures were highly correlated both for Ki-67-positive cells (r Calculations and data analysis Islet area and beta cell area were computed as before [26] . Briefly, images for each islet were captured at ×200 on each fluorescent channel. Islet area was demarcated with a video cursor on the thioflavin S channel (for beta cell area and beta cell size determinations) or on the Ki-67 or caspase 3 channel (for replication and apoptosis determinations) where the outline of the islet was clearly visible. The insulin-positive area within each islet area was then computed as fluorescence above a preset threshold. Section area was calculated for each mouse at low magnification (×40). Mean islet area and mean islet beta cell area were then calculated for each mouse as the total islet area or islet beta cell area divided by the number of islets scored. Fractional beta cell area was determined as a surrogate measure for beta cell mass and was computed as total beta cell area/section area×100%. Islet density was computed as the number of islets per square millimetre section area.
Mean beta cell size and mean number of beta cells per islet were calculated for each dietary group using nuclear staining. Beta cell size was determined in a subsection of each islet corresponding only to insulin-positive staining. With the video cursor an area was demarcated that excluded blood vessels, non-beta endocrine cells or other non-beta cells. The number of beta cells within this area was then computed as follows. The average size of a single nucleus was first quantified in each insulin-positive area at ×200 magnification. The requirement for a single nucleus was an area of Hoechst-positive fluorescence above a preset threshold, between 7 and 50 μm 2 in size and approximately circular in shape. This parameter was calculated for a total of 365 islets (9,762 cells), with an average value of 24.9 μm 2 (range 15.6-28.6 μm 2 ). The area of a single nucleus did not vary among dietary groups (24.5±0.6, 24.9±1.9, 25.1±0.9 μm 2 for low-, medium-and high-fat-fed animals, respectively) and did not change with islet size (r 2 =0.05 for correlation between single nuclear area and islet area). The total nuclear area within the insulin-positive area was then calculated as the total area corresponding to Hoechst-positive fluorescence above the same preset threshold. Intra-and inter-observer CV values for these measurements in our hands were 13 and 4%, respectively. The number of beta cells within the insulinpositive area was then derived as total nuclear area per islet/ average single nuclear area. Finally, mean beta cell was calculated as insulin-positive area/number of beta cells. This parameter was computed in all mice, in an average of 1,672 beta cells per mouse. The number of beta cells per islet was quantified in all islets using the same approach as above, with the demarcated area corresponding to the whole islet area to first derive the number of cells per islet. The number of cells per islet was then multiplied by the proportion of insulin-positive staining per islet to derive the number of beta cells per islet.
The rates of replication and apoptosis were quantified as (number of Ki-67-or activated caspase-3-positive islet cells, respectively/total number of islet cells assessed per section) ×100%.
The incremental insulin response following i.p. glucose was calculated by subtracting the fasting IRI level (time 0) from the IRI level 30 min following glucose administration and dividing this number by the change in glucose concentration over the same time period.
Data are expressed as means±SEM. Comparisons between the three dietary groups were performed using the Jonckheere-Terpstra non-parametric test for ordinal variables, a test that takes into account the dose effect of increasing dietary fat [27] . Plasma glucose and insulin levels following i.p. glucose administration were analysed by the general linear model for repeated measures (SPSS, Inc., Chicago, IL, USA). Correlation analyses were performed using simple linear regression. A p≤0.05 was considered significant.
Results
Body weight Body weight was comparable among groups at the beginning of the study and increased progressively with increasing dietary fat at the end of the 1-year study (Table 1) . Morphological changes in response to dietary fat Increasing dietary fat was associated with a dose-dependent increase in both mean islet beta cell area (Figs. 1 and 2a ) and fractional beta cell area (Figs. 1 and 2b) . Both measures of beta cell area were strongly correlated with body weight (Fig. 2c,d In order to determine whether the increased islet size seen with increasing dietary fat was due to islet cell hyperplasia or hypertrophy, mean islet beta cell number and mean beta cell size were calculated for each dietary group. Increasing dietary fat was associated with a significant increase in the mean number of beta cells per islet (Fig. 3a) , which was strongly correlated with body weight (r 2 =0.47, p<0.0001). Consequently, mean beta cell size did not change with increasing dietary fat (Fig. 3b) and was not correlated with body weight (r 2 =0.015).
Beta cell turnover in response to increased dietary fat We next determined whether the increase in islet beta cell area was associated with increased replication, decreased apoptosis or both after 1 year of dietary feeding. The percentage of Ki-67-positive cells relative to the total number of islet cells was not significantly different among dietary groups (0. Functional changes in response to dietary fat Intake of increasing dietary fat for 1 year was associated with no change in fasting plasma glucose levels (6.0±0.3, 6.8±1.1 and 6.6±0.3 mmol/l for the low-, medium-and high-fatfed mice, respectively, Fig. 4a ) but an increase in fasting plasma insulin levels (124±73, 523±275 and 713±267 pmol/l, p<0.005, Fig. 4b ). Fasting plasma insulin was positively correlated with body weight (r 2 =0.26, p<0.05). Following i.p. glucose administration, plasma glucose levels were not different among groups (Fig. 4a) , while plasma insulin levels progressively increased with increasing dietary fat (p<0.05, Fig. 4b ).
Glucose-stimulated insulin secretion was calculated as the incremental insulin response 30 min after glucose administration, when insulin and glucose levels were max- Fig. 2 Mean islet beta cell area (a) and fractional beta cell area (b) in mice fed low-(15% energy intake from fat), medium-(30% energy intake from fat) and high-(45% energy intake from fat) fat diets for 1 year. Correlations are shown between mean islet beta cell area (c) and fractional beta cell area (d) and body weight. Mice fed low-, medium-and high-fat diets are shown in circles, triangles and squares, respectively. Increased dietary fat was associated with increased islet beta cell area (p<0.0001) and fractional beta cell area (p<0.0001), with both measures being positively correlated with body weight (r 2 =0.39, p<0.005 for islet beta cell area and r 2 =0.68, p<0.0001 for fractional beta cell area) imal, divided by the change in glucose over the same time period (ΔI 0−30 /ΔG 0−30 ). Unexpectedly, insulin secretion was not different among dietary groups (p=0.07, Fig. 5a ), and this measure did not correlate with body weight (Fig.  5c ). When insulin secretion was expressed per unit of fractional beta cell area, rather than increasing, insulin secretion tended to decrease with increasing dietary fat (p=0.06, Fig. 5b ). This measure of beta cell function also did not correlate with body weight (Fig. 5d) .
Discussion
In our model of long-term fat feeding, we have shown that mice adapt to diet-induced obesity by increasing their islet beta cell mass in proportion to body weight. This expansion of the beta cell population occurs through hyperplasia rather than hypertrophy. In contrast, insulin release in response to glucose did not increase in proportion to obesity or the increase in fractional beta cell area. Our data suggest that the beta cell dysfunction seen with increasing dietary fat is largely a functional, rather than a morphological abnormality.
Several studies have reported increased islet size with obesity in rodents, with many of these utilising genetic models of obesity [16] [17] [18] [19] [20] . The increase in mean islet size that we observed with 1 year of high-fat feeding was approximately twofold as compared with that in the low-fatfed group, in line with reports of the difference in mean islet size observed when comparing obese and lean humans [8] . Of note is the fact that the increase in islet size seen in the present study is markedly less than the increases (up to ninefold) in islet size seen with some genetically modified rodent models of obesity and/or diabetes [16] [17] [18] [19] [20] . While in some cases, the change in islet size in these genetically modified mice was comparable with that seen in the present study [16, 17, 20] , these studies were performed over much shorter time periods than 1 year, and are thus more consistent with a marked increase in the rate of islet size expansion often seen with genetically modified rodent models. Thus, we believe the current long-term high-fat-fed model may provide important insight into islet adaptation to obesity in the absence of potentially confounding effects of genetic mutations.
Our finding that the dietary-fat-induced increase in beta cell area results from hyperplasia rather than hypertrophy is, to the best of our knowledge, the first description of the mechanism for the increased islet size in diet-induced obesity. Beta cell replication, expressed as the percentage of Ki-67-positive cells, was positively correlated with islet size and beta cell area. In contrast, no difference in beta cell apoptosis was seen among animals fed the different fat diets, suggesting that in this model increased dietary fat feeding and the resulting obesity is not associated with increased beta cell death. These data are consistent with a greater drive to increase islet mass in the mice with the larger beta cell areas, due to the increased secretory de- Fig. 4 Plasma glucose (a) and immunoreactive insulin (b) levels before and after i.p. glucose (1 g/kg) in mice fed low-(15% energy intake from fat; circles), medium-(30% energy intake from fat; triangles) and high-(45% energy intake from fat; squares) fat diets for 1 year. Fasting plasma glucose was similar among groups, while fasting plasma insulin increased significantly with increasing dietary fat (p<0.005). After i.p. glucose administration, plasma glucose levels were not different among groups over time, while plasma insulin levels increased progressively with increasing dietary fat (p<0.05), consistent with increasing secretory demand due to obesity and insulin resistance Fig. 3 Mean number of beta cells per islet (a) and mean beta cell size (b) in mice fed low-(15% energy intake from fat), medium-(30% energy intake from fat) and high-(45% energy intake from fat) fat diets for 1 year. The number of beta cells per islet increased with increased dietary fat (p<0.01). In contrast there was no change in mean beta cell size among dietary groups mand resulting from diet-induced obesity and insulin resistance.
Factors contributing to the increased beta cell area that we observed with increasing dietary fat intake might include a direct effect of glucose and/or NEFAs. Glucose infusions (up to 4 days) in rats result in increased beta cell mass, arising by both beta cell hyperplasia and hypertrophy, together with a concomitant increase in glucose-stimulated insulin secretion [28] [29] [30] . Increased plasma glucose levels were not observed either following 1 year of increased dietary fat feeding, or when 4-h fasting glucose levels were assessed during the study (data not shown), making glucose an unlikely mediator of the observed increase in islet mass. In contrast, lipid infusion has been shown to result in increased beta cell mass, due to beta cell proliferation, with no concomitant improvement in insulin release during a hyperglycaemic clamp [29] . This is consistent with a disconnection in the regulation of beta cell mass and secretory function in the presence of increased NEFA. Such a change may have played a role in the increased islet mass we report here, although we cannot be sure, as unfortunately we do not have NEFA measurements. However, several studies have shown increased plasma NEFA with high-fat feeding in mice [31] [32] [33] [34] .
Despite the morphological changes that we observed with dietary-fat-induced obesity in these mice, we observed functional changes that were opposite to what would be predicted to occur during adequate adaptation. In order for the beta cell to compensate sufficiently for obesity and insulin resistance and maintain euglycaemia, insulin secretion must increase. Our data show that the increase in insulin secretion following i.p. glucose in the high-fat-fed mice did not correlate with body weight. When normalised to fractional beta cell area, insulin release tended to decrease with increasing dietary fat. While this decrease in insulin release relative to fractional beta cell area did not reach statistical significance (p=0.06), we believe this is a function of the number of animals in the present study. In keeping with this trend, insulin release relative to fractional beta cell area also did not correlate with body weight. Thus, while increasing dietary fat is associated with an increase in fractional beta cell area that is proportional to the increase in body weight, insulin release does not increase in proportion to obesity. These observations are consistent with adaptation to dietary-fat-induced obesity comprising an increased number of beta cells that, as a population, are less functional. This relative decrease in insulin release was not sufficient to cause glucose intolerance in the present study. Increased insulin-independent glucose disposal probably contributed to the maintenance of euglycaemia in our mice, since this is a major pathway for glucose disposal in mice [35] . This lack of increased secretion is unlikely to be caused by inadequate biosynthesis or degranulation of the beta cells, as pancreatic insulin content increased in proportion to increased body weight and islet beta cell area. Thus, it would appear that increased fat intake and the associated obesity results in an inability to increase stimulus-secretion coupling.
The lack of adaptation of the insulin response in the present study is in line with the findings of Kaiyala et al. [15] , who found that high-fat feeding for 7 weeks in dogs was associated with a 57% decrease in insulin sensitivity with no compensatory increase in the acute insulin response to glucose. As a result, based on the known hyperbolic relationship between insulin sensitivity and the insulin response that they showed also existed in dogs, this Fig. 5 Insulin secretion in response to i.p. glucose in mice fed low-(15% energy intake from fat), medium-(30% energy intake from fat) or high-(45% energy intake from fat) fat diets for 1 year. failure to increase the insulin response was reflected as a 59% decrease in beta cell function. The findings of our study and those of Kaiyala et al. are in keeping with those of others [36] and suggest that dietary fat may have a direct, adverse effect on the secretory function of the islet beta cell. Such a negative effect has been demonstrated by the presence of impaired glucose-stimulated insulin secretion in perifused islets isolated from mice fed a high-fat diet for 4 months [37] . Furthermore, in vivo and in vitro studies in humans and rodents have shown that prolonged elevation of NEFAs leads to impaired glucose-stimulated insulin secretion, impaired proinsulin processing and inhibition of insulin biosynthesis [38] [39] [40] [41] [42] . While the mechanism(s) underlying the cause of dietary-fat-induced beta cell dysfunction is (are) unclear, increased intra-islet triglyceride accumulation may be a contributor [43, 44] , leading to increased triglyceride mobilisation by hormone-sensitive lipase [45] , upregulation of the mitochondrial uncoupling protein 2 (UCP2) [46] and impaired insulin secretion [47, 48] . Consistent with a role for lipid accumulation in beta cell dysfunction, interventions that reduce accumulation and mobilisation of intra-beta cell triglyceride and/or decrease islet UCP2 levels have been associated with improved beta cell secretory function [49] [50] [51] .
In type 2 diabetes, reduced beta cell function is seen and beta cell mass is decreased by as much as 50% [6] [7] [8] ; however, since longitudinal measures of beta cell mass have not been made in humans, no cause and effect relationship can be determined. It is important to note that this decrease in beta cell mass must be compared with an appropriate non-diabetic control group, since islet mass changes in response to obesity and insulin resistance in humans as it does in mice. Thus, studies such as the recent one by Butler et al. [8] showed that obesity is associated with increased fractional beta cell area in humans but that individuals with type 2 diabetes, when correctly matched to either lean or obese controls, display a significant decrease in fractional beta cell area. However, decreased beta cell mass is not likely to be the simple explanation for the development of hyperglycaemia if there is no genetic predisposition to impaired beta cell function. Pancreatectomy studies in rats have shown that 90% of the pancreas (and thus beta cell mass) must be removed in order for glucose levels to increase [52] . In keeping with this observation, it has been demonstrated that functional adaptation of beta cells involving an enhancement of the beta cell's sensitivity to glucose is sufficient to maintain euglycaemia following a 65% pancreatectomy in dogs [53] . Thus, it appears that while decreased beta cell mass is an important contributor, it is unlikely to be the sole cause of beta cell dysfunction in type 2 diabetes. In the present study we have shown that incomplete functional adaptation can occur even in the face of an increase in the beta cell population, clearly suggesting that beta cell mass and function are not always coordinately regulated.
In summary, we found that feeding mice increased dietary fat for 1 year is associated with an increase in the beta cell population as a result of hyperplasia and that this increase is proportional to body weight. In contrast, glucose-stimulated insulin release did not increase in proportion to body weight or fractional beta cell area, suggesting the development of a specific functional impairment caused by dietary fat. Based on these findings it would appear that secretory dysfunction of beta cells arising from increased dietary fat could be an important contributing factor to decreased beta cell function in obese, insulin-resistant individuals and, in those who are genetically susceptible, could also contribute to the increased rate of conversion from impaired glucose tolerance to type 2 diabetes [11] .
